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ABSTRACT

This paper investigates how higher-order velocity slip affects the flow of Casson nanofluid over a stretched sheet within the
boundary layer (BL), considering an inclined magnetic field and the Buongiorno model. The similarity transformation is used to
convert a collection of ordinary differential equations into a collection of partial differential equations. The Spectral Quasi-
linearization approach is used to solve the modeled system numerically and examine how various fluid parameters affect the
temperature, concentration, and velocity profiles. The findings of the important physical characteristics have been depicted
graphically. It is observed that velocity reduces but temperature enhances for an increment of magnetic field parameter,
inclination angle, Casson parameter, and first-order velocity slip parameter. Also, concentration increases close to the sheet but
declines far from the sheet for larger values of Brownian motion parameter and Schmidt number. From an MHD flow and heat
transfer perspective, numerous engineering applications can benefit, including petroleum processing, MHD power generation,
aerodynamic boundary layer control, polymer sheet production, glass fiber manufacturing, and many others.
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1. Introduction

Papers Boundary layer (BL) flow across a stretched sheet
is a significant issue in various industrial applications,
including paper production, and elastic sheets. In order to
model fluid flow, Ludwig Prandtl first put out boundary
layer hypothesis in 1904 [1]. Based on the governing
equations of BL flow through a continuously intensifying
surface moving at fixed velocity, the innovative contribution
in this field was introduced by Sakiadis [2]. Bakar et al. [3]
explored the stable laminar flow in the boundary layer over
a stretched sheet with partial slip, incorporating a convective
surface boundary condition (BC). Vinod et al. [4] conducted
a detailed investigation of the MHD BL flow and heat
transfer characteristics of a Casson fluid through an
exponentially stretched sheet, incorporating the influences of
thermal radiation and heat source/sink.

Nanofluids can serve as effective heat exchange fluids,
using a range of approaches to improve their performance
because of their improved thermophysical properties. Gladys
and Reddy [5] investigated how the fluid thermal
conductivity of nanoparticles was enhanced. A jet cooling
flow of nanofluid and heat transference on a heat surface
with different levels of roughness were investigated by Priya
G.etal. [6].

Casson fluid, a fascinating non-Newtonian liquid, is
becoming increasingly important in our daily lives.
Everyday foods like sauces, soups, and jellies are perfect
examples of Casson fluids. The modeling equations for
Casson fluids were first developed by Casson [7] in 1959,
who also demonstrated the distinct properties of several
polymers. Shekar and colleagues [8] concentrated on
investigating the impacts of the Casson and chemical

reaction parameters on the changing radiative flow of MHD
Nanofluid over a sheet that was stretched. Hussain et al. [9]
considered the Buongiorno model to investigate the mixed
convection BL flow of a Casson nanofluid on an
exponentially stretched sheet with an internal heat source.
Sekhar et al. [10] examined magnetohydrodynamic Casson
nanofluid flow over an inclined stretching surface,
accounting for Soret-Dufour, thermal radiation, and heat
sources/sinks effects.

The effect of the magnetic field plays a crucial role in
MHD generators, bearings, pumps, and other devices,
particularly in boundary layer control, where it interacts with
electrically conducting fluids. Vijayalaxmi and Shankar [11]
examined Casson nanofluid flow over a nonlinear stretching
sheet under the effects of an inclined magnetic field,
chemical reactions, and second-order thermal, velocity, and
solutal slips. The importance of examining how the Casson
fluid behaves when exposed to an electrically conducting
and stretching sheet while taking into account the effects of
chemical reactions, viscous dissipation, an aligned magnetic
field was discussed by Kosar et al. [12].

To the best of knowledge, not much study has been done
on Casson nanofluid across stretching surfaces while
accounting for higher order velocity slip and an angled
magnetic field. So, motivated by the foregoing explanation,
the current research focus on the effects of higher-order
velocity slip and angled magnetic field on Casson nanofluid
flow over a stretched sheet in the boundary layer.

2. Mathematical Formulation
The current model takes higher-order velocity slip into
account while examining the incompressible, 2-dimensional,
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and steady Casson nanofluid flow through a linearly
stretched sheet. The strength magnetic field is applied along
y-axis perpendicularly with an acute angle y. Let uy = ax be
the stretching velocity, and U = bx be the free stream velocity
(a and b are the positive constants). It is assumed that Tw,
Cw, Too, and Ceo stand for the temperature and concentration
at the surface, ambient fluid temperature, and concentration
of the Casson nanofluid, respectively.
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Using the aforementioned assumption, the governing
equations are the following according to Srinivasulu and
Goud [13]:
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The boundary conditions are
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Introducing the following similarity transformation as
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After using Eq. (7), the reducing form of Egs. (2), (3), and
(4) can be written as
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ff\/g represent Magnetic field parameter, Brownian motion

parameter, Schmidt number, thermophoresis parameter,
first-order slip parameter, Prandtl number, second-order slip
parameter, stretching ratio parameter, and Biot number,
respectively.

The skin friction coefficient(C;), Nusselt number(Nw), and
Sherwood number (Sh) can be defined as

_ _ K (ou ___ xk  (or _
o= Py (ay)y=o’ Nu = k(T F=Too) (53’)3/=o’ and Sh =
___ xPp (OC

Dp(Cf=Coo) (ay)y=0 (13)

After putting Eq. (7) into Eq. (13), the terms that are obtained
Sh
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Here Re = uva is the Reynold’s number.

3. Solution Procedure

It is hard to solve a nonlinear coupled ODE accurately
using analytical techniques. Thus, the estimated results are
computed using the numerical solver that is built into
MATLAB. First, Egs. (8) — (10) with BCs represented in
Egs. (11) & (12) are reduced to a first-order system and the
bvp4c solver method is then written to determine the final
fallout. The entire process is shown below:

(yl,yz,yg,y4.13'5.y6, y)" = f.f".6,6,¢,¢")

’ 1\~ .
¥5=(147) (s + 92+ Myy )i (14)
ys = —Pr(y1ys +N1tbesy7 + Nty?); (15)
y; = =Scyrys + 3, Pr(yys + Nbysy; + Ntyg); (16)
Y2 =1+ 61y; +68,¥3,y1 =0,y5 = Bi(y, —

1),Nby, + Ntys =0 at n=0 @an

Y2 2> Ay, 20,5, >0 at n—oo. (18)

4. Results and Discussion

The foremost focus of this segment is on how diverse
physical parameters affect the velocity (") temperature ()
, and concentration (¢) profiles. The graphs and tabular
results are calculated and displayed based on the various
values of dimensionless numbers such as, Magnetic field
parameter, Brownian motion parameter, stretching ratio
parameter, thermophoresis parameter, Schmidt number,
first-order slip parameter, Prandtl number, second-order slip
parameter, and Biot number for the previously described
physical quantities.

Figures 2 & 3 exhibit the_f’, 0, ari_qé?l_ rrg[(.”?s Eﬂg@}ﬁ?ﬁ?ﬁm
values of M and y, respectively. In Figs. 2(a <C§< , the
velocity reduces for an increment in M and y. It results from
the Lorentz force, which is the force that resists the fluid's
motion. Since M is directly proportional to sin?y, it is also
demonstrated that when y = 0, the magnetic field has no
effect on velocity curves, but when y = 90, the magnetic
field affects the flow. On the other hand, temperature and
concentration increase for increasing values of M and vy,
which are depicted in Fig. 2(b), 2(c), 3(b), and 3(c).

Electrical power is transformed into heat as a result of
Lorentz force, which increase the fluid's heat and mass. The
overall fluid temperature rises close to the surface of an
inclined surface as the angle increases because the
convective heat transfer coefficient decreases. Since
convection and flow patterns alter the diffusion and
movement of species within the fluid, an upsurge in the
inclination angle results an increment of concentration
profile.

248



— M=17.0
— M=20

Fig.2: Variation of M on (a) f', (b) 9, and (c) ¢
profiles.

Figures 4 & 5 illustrate the consequences of Nb & Nt on
concentration profile, respectively. Concentration profile
upsurges close to the sheet but decreases far away from the
sheet for larger values of Nb but reverse effect occurs for
larger values of Nt. Brownian motion physically enhances
the random spread and dispersion of particles in a fluid,
forming a thinner yet denser layer near the boundary, while
simultaneously lowering the peak concentration farther from
the sheet.

Thermophoresis refers to the migration of particles
within a fluid from hotter to cooler regions, decreasing their
concentration near hot surfaces while increasing it near cold
surfaces, and thereby creating a non-uniform concentration
distribution. Figure 6 delineates the consequence of Sc on ¢
profile. It is observed that for increasing values of Sc,
concentration upsurges near the sheet but decreases far away
from the sheet.
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Fig.3: Variation of y on (a) f, (b) 8, and (c) ¢

2

~— -7

-2

-3

profiles.

x10?
Nb = 0.7
Nb =02
Nb =03
Nb = 0.4
5 6 7

Fig.4: Variation of Nb on ¢ profile.
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Fig.6: Variation of Sc on ¢ profile.

This behavior arises because the Schmidt number and

mass diffusion rate are inversely related; hence, as Sc
increases, mass diffusivity decreases, leading to a drop in
concentration and a thinner concentration boundary layer
farther from the sheet.
Figure 7 illustrates the impact of
B on f', and @ profiles. In Figures7 (a), and 7(b), increasing
values of Casson parameter causes the velocity to decrease
while increasing the temperature inside the boundary layer.
The Casson parameter is recognized for generating a
resistive force that hinders fluid motion. The increased
temperature arises from the resisting force induced by plastic
viscosity.

Figure 8 displays the influence of Pr on 6 profile. It is
observed that temperature reduces for larger values of Pr.
Physically, a larger Prandtl number indicates that thermal
diffusion occurs slowly than momentum diffusion, resulting
in a thinner thermal boundary layer.

Figure 9 depicts the effect of §; on velocity and temperature
profiles. In Figs. 9(a) & 9(b), it is observed that the velocity
decreases, but the temperature increases, for increasing
values of §;. Greater slip diminishes the driving effect of the
stretched sheet, causing the flow to decelerate as it
approaches the free stream. The slip flow phenomenon plays
an important role in applications across the petroleum
industry and geophysics.
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Fig.7: Variation of B on (a) f', and (b) 6 profiles.
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Fig.8: Variation of Pr on @ profile.

Figure 10 shows the impact of A on velocity profile.
Velocity increases for increasing values of A which is
depicted in Fig. 10. The stretching ratio determines how the
sheet’s extension is distributed between directions, with
higher values intensifying the velocity along the primary
stretching direction. Figure 11 displays the impact of §, on
velocity and temperature profiles. It is observed that velocity
increases but temperature decreases for increasing values of
&, which are depicted in Figs. 11(a) and 11(b). A physical
derivation is presented to describe the influence of second-
order effects on the velocity and temperature jumps at the
wall. The analysis employs effective mean free paths for
momentum and energy transfer, determined from established
values of viscosity and thermal conductivity.
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Fig.9: Variation of §; on (a) f', and (b) 6 profiles.
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Consequence of Bi on 0 profile is illustrated in Fig. 12.
Temperature enhances for higher values of Bi. The Biot
number determines whether significant temperature
variations occur within a body when it is heated or cooled
over time through heat flux at its surface.
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Fig.12: Variation of Bi on 6 profile.

5. Conclusion

This study investigated the influences of an inclined
magnetic field and higher-order velocity slip on the flow of
Casson nanofluid through a stretched sheet, considering
Buongiorno model. The current investigation yielded the
following conclusions:

e Velocity increases for the changing values of
&,, A but decreases for larger values of M,y, 8, 8;.

e Temperature enhances for increasing values of
M,y,B,Bi,&; but declines for larger values of
Pr, §,.

e Concentration upsurges for larger values of M,y.
Also, Concentration increases near the sheet but
decreases far away from the sheet for higher values
of Nb,Sc. On the other hand, Inverse behavior
occurs for Nt.

6. Suggestions for Further Work

Future research can extend the present study to three-
dimensional and unsteady Casson nanofluid flows to better
represent practical applications.
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8. Nomenclature

Symbol Meaning Unit
u Velocity component along (ms?)
the x-axis
v Velocity component along (ms?)
y-axis
o Electrical conductivity (Sm™)
By Magnetic field strength (kgs?A™)
v Kinematic viscosity (kgm3)
pr Density of base fluid (kgm3)
a Thermal diffusivity (m?s?)
Y Inclination angle (Rad.)
Dg Brownian diffusion (m2/s)
Dr Thermophoresis diffusion (m2/s)
l First-order velocity slip (mfs)
I, Second-order velocity slip (mfs)
k Thermal conductivity (W/(m-K))
hg Coefficient of heat transfer (W/(m?K))
B Casson parameter Dimensionless
T Ratio of nanoparticle Dimensionless
effective and base fluid heat
capacity
M Magnetic field parameter Dimensionless
Pr Prandtl number Dimensionless
Nb Brownian motion parameter Dimensionless
Nt Thermophoresis parameter Dimensionless
6, First-order velocity slip Dimensionless
parameter
O Second-order velocity slip Dimensionless
parameter
Bi Biot number Dimensionless
A Stretching ratio parameter Dimensionless
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